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ABSTRACT 
A Gram-stain-negative strain, 23-3-2T, was isolated from a nodule of Thermopsis lanceolate grown in Northwest China. Phylogenetic analysis of 16S rRNA gene sequence showed that the strain was closely related to Mesorhizobium camelthorni CCNWXJ 40-4T and M. alhagi CCNWXJ 12-2T having 98.0% and 97.9% similarities, respectively. Phylogenetic analysis based on the protein coding genes atpD and glnA showed lower similarity with the same closely related species (94.5% and 89.9%, respectively), which suggest that 23-3-2T strain represents a distinctly delineated genospecies of the genus Mesorhizobium. The 23-3-2T strain grew at at 20-37°C temperature (optimum 28°C) and 5.0-9.0 pH range (optimum pH 7.0). The cells contained Q-10 as the sole respiratory quinone and 18:1 ω7c (24.56%) as the major cellular fatty acid. The DNA relatedness between the strain 23-3-2T and the two reference strains was 39%-44%. Based on the phenotypic, chemotaxonomic and phylogenetic properties, strain 23-3-2T represents a novel species of the genus Mesorhizobium, for which the name Mesorhizobium zhangyense sp. nov. is proposed. The type strain is 23-3-2T (= CGMCC 1.15528T = NBRC 112337T). The respective DPD Taxon Number is TA00147.
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Introduction
Symbiotic rhizobia play an important ecological and agricultural role in the cycle of nitrogen between the atmosphere and biosphere. The taxonomy of rhizobia is in a constant state of flux due to discovery of many novel species, which has recently led to a number of revisions in species description. Rhizobia are currently classified into Burkholderia and Cupriavidus genera within the Betaproteobacteria (Moulin et al. 2001), Rhizobium, Ensifer, Allorhizobium, Mesorhizobium, Bradyrhizobium, Azorhizobium, Methylobacterium, Devosia, Ochrobactrum, Phyllobacterium, Shinella, as well as three new genera names Ciceribacter (Kathiravan et al. 2013), Neorhizobium (Mousavi et al. 2015) and Pararhizobium (Mousavi et al. 2015)  general within the Alphaproteobacteria (Sy et al. 2001; Wei et al. 2002). The name Mesorhizobium refers to an intermediate genus between closely related genera Rhizobium and Bradyrhizobium. At the time of writing, Mesorhizobium is considered as an evolutionary lineage belonging to the family of Rhizobiaceae within the Alphaproteobacteria. It contains more than 41 species (http://www.bacterio.net/ (​http:​/​​/​www.bacterio.net​/​​)mesorhizob-ium.html) including recently described M. cantuariense (De Meyer et al. 2015), M.  waimense (De Meyer et al. 2015), M.  jarvis (Martínez-Hidalgo et al. 2015), M. erdmanii (Martínez- Hidalgo et al. 2015) and other five new species isolated from the Sophora root nodules (M. calcicola, M. waitakense, M. sophorae, M. newzealandense and M. kowhaii) (De Meyer et al. 2016).
Thermopsis is a genus of legumes native to temperate North America and East Asia (Weakley 2008). The plants are herbaceous and known as golden banners or false-lupines. Thermopsis lanceolate, is a perennial leguminous herb mainly distributed in riverbanks, meadows, and dunes of northwest and northeast of China. It is well adapted to dry climates due to its vigorous root system, which allows it to survive in areas with little rainfall. Moreover,  T. lanceolate is rich in alkaloids, such as anagyrine, thermopsis, sparteine, N- methylcytisine and lupanine that have reported antimicrobial, anti-inflammatory, anti-cancer activities and can be used to treat heart disorders (Yuan Lin 2010). However, while most of the previous studies have concentrated on its environmental protection and comprehensive physiological functions, less is known about its rhizobial symbionts. Even though there are about 18,000 species within 750 genera in the leguminous family (Allen et al. 1981), only 20% legumes have been investigated regarding their rhizobial symbionts (Sprent and Sprent 1990). As a result, rhizobial strains associated with wild legumes are still relatively unexplored bioresource.

Materials and methods 

The strains used in this study
The nodules were collected in June 2015 from a single Thermopsis lanceolate plant grown in Zhangye City (1536 m；100°23′54″E，38°48′54″N). Strain 23-3-2T was isolated on YMA agar plates by using the serial dilution method. YMA was prepared according to the instructions of the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ) (https://www (​https:​/​​/​www​). dsmz.de/microorganisms/medium/pdf/DSMZ_Medium1031.pdf). Plates were incubated at 28°C for 3 days after the isolate was preserved at -80°C in liquid YMA media supplemented with 30% (w/v) glycerol. The strains Mesorhizobium camelthorni CCNWXJ 40-4T and M. alhagi CCNWXJ 12-2T were used as reference strains.

Sequencing and analysis of 16S rRNA and glnA and atpD housekeeping genes 
The phylogenetic position of the isolate was determined based on sequence analysis of almost-complete 16S rRNA, glnA (Glutamine synthetase) and atpD (ATP synthase) housekeeping genes. Total DNA was extracted from both isolated and two reference strains (M. camelthorni CCNWXJ 40-4T and M. alhagi CCNWXJ 12-2T) by following the method described Marmur (1961). The amplification of the 16S rRNA was performed by using universal primers P1 and P6 (Tan et al. 1997) as described previously (Wang et al. 1999). The atpD and glnA gene sequences were amplified as described by Gaunt et al. (2001) and Turner & Young (2000), respectively. 
   The almost complete 16S rRNA gene sequence of the isolated strain was used for calculating the similarity with closely related phylogenetic neighbours by using the EzTaxon-e server version 2.1 (http://www.ezbiocloud.net/taxonomy) (Yoon et al. 2016). The phylogenetic analyses based on 16S rRNA, glnA, atpD, nodA and nifH gene sequences between the isolated and two reference strains of the genus Mesorhizobium (with validly published names) were performed by using the software package phylowin software (Galtier et al. 1996); multiple alignments were performed by using the CLUSTAL_X program (version 1.64b) (Thompson et al. 1997). Phylogenetic trees were reconstructed by using neighbour-joining methods (Fitch 1971; Saitou and Nei 1987) with Jukes-Cantor parameter calculation model. The robustness of topology of the phylogenetic trees was evaluated by bootstrap analyses based on 1000 resamplings (Felsenstein 1985). 

Symbiotic gene sequence analysis and cross-nodulation tests
Four symbiotic genes were amplified by using following primers. The nodA (acyltransferase) and nifH (nitrogenase reductase) were amplified by using the primers nifHF (5’-TACGGNAARGGSGGNATCGGCAA-3’)/nifHI(5’-AGCA
TGTCYTCSAGYTCNTCCA-3’)(Laguerre et al. 2001), nodAF (5’-TGCRGTGGA
RDCTRYGCTGGGAAA-3’)/nodAR (5’-GGNCCGTCRTCRAASGTCARGTA-3’) (Haukka et al. 1998), nifH40F (5’-GGNATCGGCAAGTCSACSAC-3’)/ nifH817R(5’-TCRAMCAGC
ATGTCCTCSAGCTC-3’) (Vinuesa et al. 2005) and nifHF(5’-TACGGNAARGGSGGNATC
GGCAA-3’)/nifHI (5’-AGCATGTCYTCSAGYTCN TCCA-3’) (Laguerre et al. 2001). The PCR conditions were adjusted by following previously published methods (Elliott et al. 2007 and Xu et al. 2013). The nodulation ability of the strain 23-3-2T was confirmed as described previously (Xu et al. 2017) by using the original host plant, Thermopsis lanceolate, closely related plant species, Alhagi sparsifolia that belongs to the same tribe, and more distantly related plant species including Sophora alopecuroides, Glycyrrhiza inflate, Medicago sativa, Indigofera endecaphylla, Vicia cracca, Sophora flavescens, Cassia tora and Vigna sesquipedalis.

Phenotypic characterization
For the phenotypic characterization, we followed minimal standards for the description of new taxa of aerobic, endospore-forming bacteria recommended by Logan et al. (2009). The strain 23-3-2T was cultivated for two days at 28°C on YMA agar for morphological observation by scanning electron microscopy (Quanta 200; FEI). Gram-staining was performed by using a previously published staining method (Smibert and Krieg 1994) with cells grown on YMA agar plates at 28°C. Motility was observed with light microscopy and endospore formation was determined microscopically by staining with malachite green (Schaeffer and Fulton 1933). The range and growth temperature optimum were determined as bacterial growth in YMA broth for 3-7 days at 4, 10, 20, 25, 30, 37, 40 and 45°C temperatures. The pH range and growth optima was tested at 28° C in pH 3, 4, 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, 9, 10 and 11; KH2PO4 /HCl, KH2PO4 /K2HPO4 and K2HPO4/NaOH buffer systems were used to maintain the desired pH. Tolerance to NaCl was examined in YMA broth containing 0-5% of NaCl (w/v, intervals of 0.5%). Physiological and biochemical properties and enzyme activities were tested by using API 20 NE (identification of Gram negative non-Enterobacteriaceae) and API 50 CH (performance of carbohydrate metabolism) tests according to the manufacturer’s instructions. For these tests, the strain 23-3-2T and its phylogenetic neighbours M. camelthorni XJ40-4T and M. alhagi XJ12-2T were grown in TSB broth under the same incubation conditions before the measurements. Indole production, reactions in the methyl red, Voges-Proskauer tests, hydrolysis of starch, gelatin, Tween 80, activities of catalase, urease, oxidase, reduction of nitrate and nitrite, and hydrogen sulfide production from cysteine were also determined as described by Smibert and Krieg (1994). Resistance to antibiotics was determined according to the method described by Gao et al. (1994).

Fatty acid analyses and predominant ubiquinone determination
Fatty acid methyl esters were extracted and prepared according the standard protocol of the Microbial Identification System (Microbial ID; MIDI). Extracts were analyzed by using a Hewlett Packard model HP6890 gas chromatograph equipped with a flame-ionization detector, an automatic sampler, an integrator and a computer, as recommended by the manufacturer.
   Ubiquinone is an essential component of electron transfer system in the plasma membrane of prokaryotes. The strain 23-3-2T and two reference strains were grown in YMA medium with shaking at 170 rpm for 2 days at 28 °C. Extraction and determination of ubiquinone was routinely performed according to the HPLC method described by Zhang et al. (2003) and Komagata & Suzuki. (1987). The strains were lyophilized under a gentle nitrogen stream and resolved in methanol. Lipoquinones were analyzed by using reversed-phase HPLC and a column chromatographic (​app:ds:chromatographic" \t "​) column (​app:ds:column" \t "​) Diamonsil C18 (200 mm × 4.6 mm, i. d. 5 μm), with 300 ml methanol and 700 ml anhydrous ethanol as the mobile phase.

DNA base composition and DNA–DNA hybridization
The G+C content of DNA was measured by using the thermal denaturation method described by Marmur & Doty (1962) with E. coli K-12 strain as a standard. The DNA-DNA relatedness was determined by using the spectrophotometric method descrined by De Ley et al. (1970).

Results and discussion 
Phylogenetic analysis based on of 16S rRNA and housekeeping gene simlarities
Based on the 16S rRNA gene sequence analysis, the strain 23-3-2T was phylogenetically related to members of the genus Mesorhizobium. The isolate was most closely related to M. camelthorni CCNWXJ 40-4T (EU169581) (98.0%) and M. alhagi CCNWXJ 12-2T (EU169578) (97.9%) (Fig. 1). The phylogenies based on partial atpD and glnA gene sequences supported the conclusion drawn based on 16S rRNA gene analysis (Fig. 2). The glnA and atpD gene-based phylogenetic trees were constructed with several Mesorhizobium species. The strain 23-3-2T exhibited 89.9% and 89.80% glnA gene sequence similarity with M. camelthorni CCNWXJ 40-4T and M. alhagi CCNWXJ 12-2T, respectively. In the case of atpD gene sequence trees, strain 23-3-2T shared less than 94.48% similarity with other type strains of the genus Mesorhizobium, and a novel lineage was formed with M. camelthorni XJ40-4T (94.5%) and M. alhagi XJ12-2T (93.3%). The low glnA and atpD sequence similarities indicate that the isolated strain 23-3-2T may represent a separate Mesorhizobium species.

Phylogeny of symbiotic genes and cross-nodulation tests
The nodA and nifH sequence similarities between the 23-3-2T and two reference strains were very high: 99.5% and 99.8% for M. alhagi CCNWXJ 12-2T and 99.6% and 98.6% for M. camelthorni CCNWXJ 40-4T (Fig. 3). This suggest that these genes were fairly conserved between the all tested species. In nodulation tests, the strain 23-3-2T could form pink, actively nitrogen-fixing nodules when growing on Thermopsis lanceolate and Alhagi sparsifolia. However, no nodules were formed when inoculated with any other plants: Sophora alopecuroides, Glycyrrhiza inflate, Medicago sativa, Indigofera endecaphylla, Vicia cracca, Sophora flavescens, Cassia tora and Vigna sesquipedalis. Moreover, no nodules were observed in the roots of uninoculated control plants in any of the experiments. Together this suggest that the strain 23-3-2T has a very narrow host range and that cross-contamination was not issue in the nodulation experiments.

Phenotypic characterization
The strain 23-3-2T formed circular, white, opaque colonies within 3 days of growth at 28 °C. Cells were Gram-stain-negative, rod-shaped and motile (Fig S1). The strain 23-3-2T was able to grow at 20-37 °C temperature (optimum at 28°C) and 5.0-9.0 (optimum at pH 7.0) pH ranges and at NaCl concentrations below 3%. The strain grew well on YMA and poorly on LB and R2A medium. Additional physiological and biochemical properties of the 23-3-2T and two reference strains are provided in the species description paragraph and in the Table 1.

Analysis of fatty acids and determination of predominant ubiquinone
Strain 23-3-2T has major cellular fatty acids including18:1ω7c and 18:1ω6c (24.56%), 16:0 (17.67%), 11- methyl 18:1ω7c (16.35%) and 19:0 cyclo ω8c (14.78%), the minor content 17:0 iso (6.59%) and 18:0 (4.37%), which were similar with the other two reference strains especially M. alhagi CCNWXJ12-2T. However, 18:1ω9c (13.65%) and 16:1ω7c/16:1ω6c (2.04%) were only found in 23-3-2 but not the other two tested type strains. All these supported conclusions made by Tighe (​http:​/​​/​ijs.microbiologyresearch.org​/​search?value1=S+W+Tighe&option1=author&noRedirect=true​) et al. (2000). Full fatty acid profile comparison of the 23-3-2T and two reference strains is shown in the Table 2. The predominant ubiquinone of the strain 23-3-2T was Q-10 similar to the two reference strains.

DNA–DNA relatedness
Based on the results of DNA G+C content estimation and DNA-DNA relatedness listed in the Table 1, the G+C content for the strain 23-3-2T was 61.2 mol% (Table 3), which is within the range previously reported for Mesorhizobium (59 mol%-64 mol%) (Jarvis et al. 1997). The DNA-DNA relatedness of the strain 23-3-2T and Mesorhizobium species was less than 44.3%, which suggests that none of the defined Mesorhizobium species showed a significant degree of DNA relatedness with the strain 23-3-2T. 

Description of Mesorhizobium zhangyense sp. nov.
Mesorhizobium zhangyense (zhang.yen'se. N.L. neut. adj. zhangyense, referring to zhangye, the site of isolation of the type strain) is a gram-negative, non-spore-forming rod, which is motile, aerobic and 0.3-0.5µm wide and by 0.5-1.2µm long. Colonies formed on YMA medium are circular, convex, white, semitranslucent and usually have a diameter of 1-2 mm after 3 days growth at 28 °C. The growth and pH optima are 28 °C and pH 7.0, respectively, while growth is inhibited at 10 °C and 40 °C and above pH of 9.0. The cells could utilize inositol, L-arabinose, D-mannitol, gentiobiose, glucose, sodium citrate, galactose (​app:ds:galactose​), sodium malonate, pyruvic acid sodium, sucrose, D-xylose, D-ribose, D-fructose, D-mannose, D-maltose, sodium acetate, sodium propionate, esculine, salicine, amygdaline, D-saccharose, D-trehalose, D-tyranose and succinic acid as sole carbon sources, but not L-rhamnose, D-sorbitol, dulcitol, D-lactose, D-raffinose, D-melibiose, erythritol, D-arabinose, D-adonitol, L-xylose, L-sorbose, inuline, xylitol, L-fucose, D-fucose and D-arabitol as the sole source of carbon. The cells grew on YMA medium up to 3% (w/v) of NaCl but did not grow in YMA supplemented with 0.1% malachite green, 0.1% methylene blue or 0.1% neutral red. The cells were sensitive to 10 μg ml-l of tetracycline, gentamicin, trobicin, chloramphenicol, ampicillin, streptomycin, kanamycin, and neomycin. The cells were negative for potassium gluconate, potassium 2-ketogluconate, potassium 5-ketogluconate, litmus milk alkali production, indole production, and Voges-Proskauer test, but positive for oxidase, urease, reduction of nitrate and nitrite, double hydrolysis of arginine, casein hydrolysis and hydrolysis of gelatin. The cells could assimilate citric acid, phenylacetic acid and N-acetyl glucosamine. The predominant ubiquinone was Q-10 and the main cellular fatty acids are summed feature 8 (comprising of C18: 1ω7c and/or C18: 1ω6c; 24.56%).
The type strain 23-3-2T (=CGMCC1.15528T=NBRC112337T) was isolated from the nodules of Thermopsis lanceolate in Zhangye, China. The G+C content of the 23-3-2T is 61.2 mol%. The Digital Protologue database TaxonNumber for strain 23-3-2T is TA00147. The GenBank accession number for the 16S rRNA gene sequence of strain 23-3-2T is KU358687.
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Table 1. Distinctive features between the strain 23-3-2T and two closely related reference strains of the genus Mesorhizobium. Strains: 1, M.  zhangyense 23-3-2T; 2, M. camelthorni CCNWXJ 40-4T; 3, M. alhagi CCNWXJ12-2T. The symbols denote for negative (-) or positive (+) ability in case of given chraracteristic. 
Characteristic  	1	2	3
Utilization of L-Rhamnose	-	-	+
Utilization of Sodium citrate	-	+	+
Utilization of D-Arabinose	-	-	+
Utilization of D-Sorbitol	-	-	+
Growth at pH 10	+	-	+
Growth at 3% NaCl	+	-	-
Indole production	-	-	+
Gelatin liquefaction	+	+	-





Table 2.  The major fatty acids of the strain 23-3-2T and two closely related reference strains of the genus Mesorhizobium Strains: 1, M. zhangyense 23-3-2T; 2, M. camelthorni CCNWXJ40-4T ; 3, M. alhagi CCNWXJ12-2T; 
Fatty acid	1	2	3
16:0	17.67	13.41	3.21
16:16c/16:1 7c	2.04	-	-
17: 0 iso	6.59	4.16	5.99
18:0	4.37	3.25	2.82
11-Methyl 18:1 7c	16.35	11.92	29.71
18:17c	24.56	57.27	35.01
18:19c	13.65	-	-
19:0 cyclo 8c	14.78	8.93	17.28
20 : 17c	-	-	1.95
17:0	-	-	0.98
15 : 0 iso	-	-	0.93
13 : 0 iso 3-OH	-	-	0.52
17 : 0 cyclo	-	-	0.42
17 : 18c	-	-	0.31
20 : 26,9c	-	-	0.43
17:1 iso	-	1.06	0.42


Table 3. The level of DNA–DNA relatedness between the strain 23-3-2T and two closely related reference strains of the genus Mesorhizobium.

Strain	G+C mol%	DNA relatedness with 23-3-2T (%)
M. thermopsis 23-3-2T	61.2	100%
Reference strainsM.camelthorni CCNWXJ40-4T M. alhagi CCNWXJ12-2T	63.760.3	43.337.9



Supplementary Table 1. The negative growth (-) of the strain 23-3-2T on commercial test kits (API 20 NE and API 50 CH).

Characteristic  	23-3-2
Tryptophan	-
Urea	-
Decanoic acid 	-
Phenylacetic 
Phenylacetic acid
Phenylacetic acid	-
D-arabinose	-
L-xylose	-
D-adonitol	-
Sorbose 	-
Dulcitol	-
L-rhamnose	-
Mannopyranoside	-
D-lactose	-
D-melibiose 	-
Trisaccharide	-
Inuline	-
D-raffinose	-
D-fucose	-
L-fucose	-
D-arabitol 	-
Potassium gluconate	-
potassium 2-ketogluconate	-
potassium 5-ketogluconate	-


Legends of Figures

Fig.1. Phylogenetic tree based on the 16S rRNA gene sequences of the strain 23-3-2T and defined Mesorhizobium species. The trees were constructed by neighbour-joining method from Jukes-Cantor distance matrices of the sequences. Bootstrap confidence levels greater than or equal to 70% are indicated at internodes. GenBank accession numbers are shown in parentheses and the bar denotes for 0.01 nucleotide substitutions per cite.

Fig. 2. Phylogenetic trees based on the glnA (a) and atpD (b) gene sequences of the strain 23-3-2T and defined Mesorhizobium species. The trees were constructed by neighbour-joining method from Jukes-Cantor distance matrices of the sequences. Bootstrap confidence levels greater than or equal to 50% are indicated at internodes. GenBank accession numbers are shown in parentheses and the bar denotes for 0.01 nucleotide substitutions per cite.

Fig. 3. Phylogenetic trees based on the nodA (a) and nifH (b) gene sequences of the strain 23-3-2T and defined Mesorhizobium species. The trees were constructed by neighbour-joining method from Jukes-Cantor distance matrices of the sequences. Bootstrap confidence levels greater than or equal to 50% are indicated at internodes. GenBank accession numbers are shown in parentheses and the bar denotes for 0.02 (a) and 0.01 (b) nucleotide substitutions per cite.

Fig. S1. Transmission electron micrograph of the strain 23-3-2T. Bar indicates 1.0 μm.



